Abstract. Mars has no global intrinsic magnetic field, and consequently the solar wind plasma interacts directly with the planetary ionosphere. The main factors of this interaction are: thermalization of plasma after the bow shock, ion pick-up process, and the magnetic barrier effect, which results in the magnetic field enhancement in the vicinity of the obstacle. Results of ideal magnetohydrodynamic and hybrid simulations are compared in the subsolar magnetosheath region. Good agreement between the models is obtained for the magnetic field and plasma parameters just after the shock front, and also for the magnetic field profiles in the magnetosheath. Both models predict similar positions of the proton stoppage boundary, which is known as the ion composition boundary. This comparison allows one to estimate applicability of magnetohydrodynamics for Mars, and also to check the consistency of the hybrid model with Rankine-Hugoniot conditions at the bow shock. An additional effect existing only in the hybrid model is a diffusive penetration of the magnetic field inside the ionosphere. Collisions between ions and neutrals are analyzed as a possible physical reason for the magnetic diffusion seen in the hybrid simulations.
Introduction
Mars does not have a sufficient magnetic field to form its own magnetosphere, and thus the solar wind interacts directly with the ionosphere of the planet. Even though the planet is unmagnetized, the flow of the solar wind is strongly affected by the interplanetary magnetic field (IMF) which plays a crucial role in the interaction of the solar wind proCorrespondence to: N. V. Erkaev (erkaev@icm.krasn.ru) tons with the ionospheric plasma. The magnetic field has a jump at the bow shock and then it becomes much stronger as the ionopause is approached, giving rise to the magnetic barrier with a distinct magnetic pile-up boundary (MPB), which is identified with the magnetic field rotation and the drop in the magnetic turbulence level. This boundary was detected by FGMM (Sauer et al., 1990) , as well as by the Phobos-2 MAGMA instrument (Riedler et al., 1991) , and also by MGS (Vignes et al., 2000) . The magnetic pressure maximum is of the order of the solar wind dynamic pressure, and thus the magnetic field strength at the MPB is proportional to the solar wind bulk speed. As shown by Biernat et al. (1999) , the magnetic field profiles across the magnetosheath become steeper when the solar wind Alfvén Mach number increases.
A peculiarity of the solar wind interaction with the unmagnetized planets is that the neutral atmospheric atoms can be ionized and involved into the solar wind flow. This is called the mass loading process characterized by the ionization rate depending on the solar activity. The loaded heavy ions form a dense layer with a so-called "ion composition boundary" (ICB) separating the solar wind protons from the planetary ions. This boundary was identified by ion measurements from the ASPERA and TAUS experiments on board Phobos-2 (Rosenbauer et al., 1989; Breus et al., 1991; Sauer et al., 1994) . Analysis of the multi-instrument observations (see Nagy et al., 2004 , and references therein) clearly indicates that the drop in the proton density and the pile-up of the electron density at the ICB typically coincide with the MPB position.
Analysis of observations and simulations highlights two aspects of the magnetic field enhancement caused by the solar wind interaction with Mars. The first one is the magnetic barrier in the subsolar magnetosheath, where the magnetic field strength is gradually increasing from the bow shock to the proton cavity boundary. This effect exists even without mass loading process and was still obtained in the gasdynamic model of Spreiter and Stahara (1980) Comparison between Phobos-2 measurements (left panels) and bi-ion fluid simulations (right panels) for the third elliptical orbit, after Sauer and Dubinin (2000) .
overestimates the magnetic field strength due to a kinematic treatment of the frozen-in magnetic field lines. It was also introduced by Zwan and Wolf (1976) as a plasma depletion layer for the Earth's magnetosheath. This effect can be reproduced by a one-fluid magnetohydrodynamic (MHD) model, and also by multi-fluid MHD and hybrid models. However, the effect might be weakened by the magnetic diffusion related to a numerical procedure. Such magnetic field enhancement in the magnetosheath can be seen in Fig. 1a , which demonstrates Phobos-2 measurements at the left panels, and bi-ion fluid simulations at the right panels for the third elliptical orbit, after Sauer and Dubinin (2000) . In this figure, the magnetic field strength is gradually increasing in the magnetosheath from the bow shock towards the ICB/MPB, where it reaches a maximum. The total density first has a jump at the bow shock, then it decreases towards the ICB/MPB, where it has a pile-up.
The second aspect is the formation of the induced magnetosphere inside the proton cavity separated from the magnetosheath by ICB/MPB. This is not reproduced by the ideal MHD model, but in principle, it can be described by bi-ion and hybrid models.
The applicability of the MHD model for the solar wind interaction with Mars is questionable because the kinetic plasma scales (Larmour radius, ion inertial scale) are not significantly less than the magnetosheath scales. In particular, the Larmour radius of the cold heavy ions accelerated by the electric field can be of the same order of magnitude as the magnetic barrier length scale. Nevertheless, the previous magnetohydrodynamic (MHD) simulations by Liu et al. (2001) and Ma et al. (2004) showed the positions of the bow shock and the ionopause to be in good agreement with observations. However, MPB/ICB was not reproduced well. In a two-fluid MHD model, Sauer and Dubinin (2000) revealed that the mass loading of the ions may result in a sudden stoppage of the proton flow and the formation of the proton cavity around the ionopause. The cavity boundary is associated with the ICB/MPB.
Semi-kinetic simulations often used in space research are the so-called hybrid simulations, where the ions are treated as individual particles, and the electrons are considered to be a fluid. This approach has been applied by Brecht et al. (1993) for simulations of the solar wind interaction with Mars. A comparison of the simulation results by Brecht (1997) with the data obtained by spacecraft Phobos 2 yields a consistency between the resultant large-scale magnetic field configuration around Mars and the observations. In the hybrid simulation by Shimazu (2001) , the planet was treated as a gaseous body, which could be penetrated by the ionospheric plasma, produced with a constant ionization rate. The simulation predicted an asymmetric bow shock with a multiple-shock structure, and also a magnetic barrier in front of the planet with asymmetries along the solar wind electric field. Kallio and Janhunen (2001) applied a hybrid model to study the atmospheric effects of proton precipitation in the atmosphere and the ion escape at the nightside of the planet (Kallio and Janhunen, 2002) . The simulations showed a draping of the magnetic field lines around the planet, but the plasma boundaries were not reproduced clearly. Kallio and Janhunen (2002) do not include an electron pressure term at all, whereas Shimazu (2001) uses a global electron pressure gradient for the solar wind plasma and the planetary ions plasma. The aspects of ICB/MPB were studied in hybrid simulations by Bößwetter et al. (2004) , which are based on a more detailed model including two electron fluids with different temperatures, as well as a friction force between ions and neutral gas atoms.
The MPB and ICB are nearly the same in the observations, but they describe a behavior of the different physical quantities: magnetic field and plasma density. In the model simulations, these boundaries are not completely identical. Therefore, we refer to both terms, ICB and MPB, which are reproduced differently in model simulations. In particular, MHD and hybrid simulations can give very distinct ICB, as a sudden rise in the electron density and decrease in the proton density. However, the variations of the magnetic field components through this boundary are smoothed by the numerical diffusion.
Applications of complicated models (multi-fluid and hybrid) allow one to obtain a lot of information about the object of simulation, but require to reduce the resolution. There also exists a problem in distinguishing the physical results from the numerical ones. In particular, this concerns the numerical magnetic diffusion effects existing in global numerical simulations. Therefore, for clarifying the physical processes on the magnetosheath flow it is useful to compare relevant results obtained in frameworks of different simulation approaches. Comparison of different models provides a better understanding of the physical meaning of simulation results.
The aim of this paper is to compare the simulation results for the magnetosheath obtained from the MHD and hybrid models. The main scope of our study concerns the dayside magnetosheath profiles of the magnetic field and plasma parameters from the bow shock to the ICB/MPB. This comparison is useful for a better estimation of the potential and limits of the MHD model and its relationship with the kinetic model. An additional aspect to be clarified is the physical reason for the magnetic field diffusion inside the dayside Martian ionosphere, which can be seen in the hybrid simulations.
Basic equations and input parameters
We model the plasma in the planetary magnetosheath as a nondissipative fluid which obeys the ideal MHD equation (in cgs units) based on the conservation laws for momentum, mass, energy and also on the frozen-in condition for the magnetic field,
In Eq. (1), is the sum of the gas and magnetic pressures, =P +B 2 /8π; quantities P and ρ are the gas pressure and the mass density, respectively, and B and u are the magnetic field and the plasma flow velocity, respectively, parameter "κ" denotes the ratio of specific heats (κ=5/3), Q is a source function determined by the ionization rate and the distribution of the neutral particles,
where M i is the mass of the heavy ions (oxygen), ν is the ionization rate, N 0 is the density of neutral particles depending on the radius, f (r, χ ) is a Chapman-like function of the radial distance and the solar zenith angle (Chamberlain and Hunten, 1987) . We use the distribution of the neutral density and function f (r, χ ) similar to those suggested by Bößwetter et al. (2004) ,
where R M is the planet's radius, R M =3400 km; parameters n 1 , n 2 , n 3 , r 1 , r 2 , r 3 are chosen to fit the data given by Chen et al. (1978) , Kallio and Luhmann (1997) and Kotova et al. (1997) for solar minimum conditions. The resulting values are n 1 =2.8×10 14 m −3 , n 2 =2.5×10 12 m −3 , n 3 =10 9 m −3 , r 3 =1700 km, r 1 =140 km, r 2 =300 km, H 1 =27 km, H 2 =35 km. Boundary conditions are given at the bow shock (RankineHugoniot) and at the ionopause u n =0. The initial conservative system of MHD Eqs. (1-3) can be transformed to the dimensionless system which is more suitable for computations,
Here velocity u, magnetic field B and density ρ are normalized to their solar wind values u sw , B sw , ρ sw , respectively; plasma pressure is normalized to the solar wind dynamic pressure ρ sw u 2 sw , distances are normalized to the planetary radius R M ; M A is a solar wind Alfvén Mach number, M A = √ 4πρ sw u sw /B sw ; q is the dimensionless mass loading function characterizing the efficiency of the ion pick-up process, Mass loading effects are strongly pronounced in the region where q(r)≫1. Equation (7) contains the additional resistance force proportional to the velocity, which is related to the mass loading process. This force leads to the deceleration of the protons which lose energy for the corresponding acceleration of the heavy ions. Equation (9) indicates that the adiabatic law is not valid anymore due to the mass loading effect.
The collision length scale related to the interaction with the neutral particles is defined as λ=V * /K D N 0 , where V * =10 km/s, constant K D =1.7×10 −9 cm 3 s −1 is given by Israelevich et al. (1999) . This constant K D determines the collisional forces
between the ions and ionospheric neutrals, which were used in the hybrid simulations by Bößwetter et al. (2004) . The characteristic velocity V * is chosen to be of the order of the proton's velocity near the ICB obtained in the hybrid simulations by Bößwetter et al. (2004) . Figure 1b shows the collision length scale λ(x) and also the dimensionless mass loading parameter q(x) as functions of the distance along the x-axis. Assuming the condition for the collision zone λ(x)<50 km we find the altitude of about 0.05 R m =170 km.
As shown by Hanson and Mantas (1988) , the ionospheric peak of the thermal pressure at Mars is smaller than the average solar wind dynamic pressure. In such a case, at the subsolar region, the solar wind protons can penetrate into the collision zone.
For the MHD simulation, the effective obstacle is disposed in front of the subsolar collision zone. The model shape of the obstacle is the axisymmetrical surface consisting of a hemisphere on the sunward side, smoothly attached to a slightly expanding surface on the night side.
The input solar wind parameters used in our calculations are n sw = 4 cm −3 , u sw = 327 km/s, B sw = 3 nT,
This upstream parameters represent reasonable values. In particular, IMF and the total ram pressure, as well as the Alfvén Mach number are nearly identical to those corresponding to Phobos-2's elliptical orbit on 8 February 1989 (see Sauer and Dubinin, 2000) . The supersonic solar wind flow is decelerated and thermalized at the detached bow shock, where the Rankine-Hugoniot conditions have to be fulfilled. At the obstacle the normal component of bulk velocity is assumed to vanish.
Numerical technique for MHD model
The numerical/analytical technique we use was previously applied by Erkaev et al. (1996 Erkaev et al. ( , 1998 Erkaev et al. ( , 1999 Erkaev et al. ( , 2003 for the solar wind flow around the magnetospheres of Jupiter and Earth, and also by Biernat et al. (1999 Biernat et al. ( , 2001 for the solar wind interaction with the ionosphere of Venus.
To describe an ideally conducting plasma, we use the material frozen-in coordinates (α, λ, τ ), which are similar to those introduced by Pudovkin and Semenov (1977) . For a stationary flow, these coordinates can be introduced by the equations: u·∇α=0, u·∇λ=0, u·∇τ =1. A particular pair of (α, λ) labels a streamline, and the coordinate τ has the sense of time of motion of a fluid particle along its streamline. These coordinates are specified to be proportional to Cartesian coordinates in the unperturbed, upstream flow. In this case, variables (λ, τ ) are constant along the magnetic field lines everywhere. In frozen-in coordinates, the nondissipative MHD equations can be written as follows,
∂ ∂τ
Here D(..)/D(..) denotes the Jacobian of the transformation, J is the ratio of the proton and total mass densities, r is the position vector normalized to the radius of the obstacle. Vector function r(α, λ, τ ) describes the positions of the frozenin magnetic field lines characterized by constant values of two material coordinates, λ and τ . The third coordinate α varies from −∞ to +∞ along each field line. Our method was developed from the boundary layer approach based on approximations for the total pressure in the magnetosheath. Initially, we assume a quadratic variation of the total pressure between the bow shock and the obstacle. At the bow shock it is determined from the Rankine-Hugoniot conditions, and at the obstacle it is given by the Newtonian formula that is well known in the gasdynamics as a good analytical approximation for the pressure on a streamlined obstacle (Petrinec and Russell, 1997) . The bow shock is approximated initially as a hyperboloid of revolution. The total pressure behavior and the bow shock shape are corrected at the next iterations. We consider the tangential and the normal components (with respect to the obstacle) of the momentum and induction Eqs. (12) and (13). Using a finite difference Lax-Wendroff scheme, we integrate the tangential momentum and induction equations, together with Eqs. (14) and (15) from the bow shock to the obstacle, and thus we obtain the tangential components of the magnetic field and velocity and also the mass density as functions of the material coordinates. The normal components of the magnetic field and velocity, as well as a normal displacement of the magnetic field lines are obtained by integration of the Jacobian Eq. (16) by the method of characteristics using the boundary conditions at the obstacle. This yields a correction of the bow shock position. After that we correct the total pressure distribution along the normal directions using the normal momentum equation, as well as the Rankine-Hugoniot conditions at the bow shock. Using the corrected total pressure distribution and the updated bow shock position, we repeat the calculations for the next iteration. This approach based on the frozen-in coordinates allows us to avoid the effects of numerical magnetic diffusion.
Description of hybrid model
The numerical hybrid simulations are performed using a code described by Bößwetter et al. (2004) . In the hybrid approximation the electrons are modelled as a massless charge neutralizing fluid, whereas the ions are treated as individual particles. A collisional force between the ions and the ionospheric neutral gas atoms (neutral drag force) is included to take into account possible collisional effects. For the ions, the equation of motion is
where M i/p , u i/p are the mass and velocity of an individual particle (heavy ion or proton), respectively; N 0 and u 0 are the number density and bulk velocity of the neutrals; K D is a constant describing the collisions of the ions and neutrals, given as 1.7×10 −9 cm 3 /s by Israelevich et al. (1999) . From the momentum conservation of the electron fluid, the electric field can be derived as
where u e denotes the electron bulk velocity, computed from the ionic currents and the overall currents by means of
Two different electron pressure terms in Eq. (18) are used to take into account the different electron temperatures of the solar wind and ionospheric electrons, respectively. Both electron populations are assumed to be adiabatic with two different initial temperatures, T e,sw and T e,hi , for the solar wind and ionospheric electrons, respectively. P e,sw/ hi = n sw kT e,sw/ hi n e,sw/ hi n sw κ .
The electron adiabatic exponent was assumed to be κ=2. The main unknown parameter is the ionospheric temperature for the ionospheric electron pressure. In this hybrid run we used T e,hi =3000 K. The time evolution of the magnetic field is determined by the induction equation,
The simulation box has three spatial dimensions, with the undisturbed solar wind flowing in a positive x-direction, and the undisturbed interplanetary magnetic field being oriented perpendicular in a positive y-direction. The convective electric field points therefore to the negative z-direction. A highest resolution of about 100 km cells are found near the surface. The cells outside the planet never become larger than 170 km. At the left-hand side of the simulation box, the solar wind comes in (in-flow boundary), whereas at the righthand side it leaves the box (outflow boundary). For the remaining sides some sort of free or absorbing boundary is desirable, however, that turned out to make the simulations unstable. We therefore use in-flow boundary conditions, which simply keep the field values constant. All particles, whether planetary ions or solar wind protons, are deleted when hitting the Martian surface. Consequently, there are no ion currents inside of Mars. The simulation starts without any magnetic or electric fields in the solid body. During the simulation, a penetration of the magnetic field through the ionosphere into the solid is allowed. The magnetic diffusion is accompanied by the penetration of the electric field. Thus, the interior of Mars is not completely field free. To avoid a collapse of the ionosphere through the inner boundary (surface), the solid body is approached by an homogeneous heavy ion density without any movement of the ions.
Results
The calculated magnetosheath profiles corresponding to the ideal MHD model are shown in Fig. 2 (solid lines) along the subsolar line for y=0 and z=0, and also in Fig. 3a and Fig. 3b in the two orthogonal planes: xy (for y=500 km and z=0) and xz (for z=500 km and y=0), respectively. These figures present variations of the total and proton densities, plasma pressure, electric field, velocity, magnetic field, magnetic pressure, and temperature as functions of the x-coordinate. The direction of the IMF is assumed to be perpendicular to the solar wind velocity. All quantities are normalized to their values in the solar wind. The distances are given in units of R M . At the same figures, the profiles obtained from the hybrid simulations are also presented for three simulation times. The hybrid simulation has a larger width of the magnetosheath than that obtained from the MHD model; partially, this is related to a finite thickness of the shock front which is of the order of the proton's Larmour radius R B that is equal to 340 km for the magnetic field just after the shock. However, the figures demonstrate good agreement between the MHD and the average hybrid simulation results for the total and proton densities, magnetic and plasma pressures, velocity, magnetic field and temperature just after the shock. This means that the hybrid model basically reproduces the Rankine-Hugoniot conditions at the bow shock. In both models, the proton pressure and the proton density rise at the bow shock and then they decrease towards the obstacle. see in the figures that the total density has the same behavior as the proton density until some boundary where it has a very steep rise because of the appearance of the ionospheric ions that were already picked up. This pile-up of the total density seen in the figures is an indication of the ICB.
The average subsolar planetocentric distance of ICB/MPB was found to be about 1.2 R M by Riedler et al. (1991) distance could be related to the insufficient effective ionization rate which is the input parameter of our models. Another reason is that related to the ionospheric electron temperature is T e,h , which is not a well known input parameter in the hybrid simulation. In the hybrid run we used T e,h =3000 K. A choice of larger values of T e,h will lead certainly to higher MPB positions.
In the MHD model, a stand-off distance of the bow shock for a fixed Alfvén Mach number is proportional to the effective obstacle radius. For MGS data, the average bow shock stand-off distances was found to be ∼1.7 R M (Vignes et al., 2000) . The corresponding ratio of the stand-off distance to the effective obstacle radius is equal to ∼1.31. In the present MHD simulation, the ratio of the subsolar stand-off distance and the obstacle radius is equal to 1.32, which is rather close to the empirical value.
The electric field has large fluctuations but its average value decreases towards the obstacle. At the stagnation point where the MHD electric field vanishes, the hybrid electric field does not equal zero because of magnetic field diffusion.
In both models, the proton velocity given in units of the solar wind Alfvén speed decreases at the shock front. In the hybrid simulations, there is a correlation between the proton velocity and electric field variations which is clearly indicated by Figs. 2, 3a. Maximal and minimal values of the oscillating electric field and proton velocity are corresponding to each other. In spite of the fluctuations, the average velocity in the hybrid simulations agrees with that of the MHD model. However, at the ICB, the proton's velocity in the hybrid model does not vanish. This might be related to a proton drift through the ICB which is caused by the nonzero electric field at the boundary. An additional possible reason is that a few energetic protons can cross the ICB.
A quite good agreement between the models appears for the magnetic field profiles along most of the magnetosheath. The magnetic field behavior in the subsolar magnetosheath may be described as follows: the magnetic field increases monotonically from the bow shock towards the ICB. The scaling of the magnetic field maximum is B∼ √ 4πρ sw u sw . The factor of the total magnetic field enhancement is of the order of the solar wind Alfvén Mach number B max /B sw ∼M A . In the MHD simulation, the magnetic field increases by a factor of 12 for M A =10. In the hybrid simulation the magnetic field maximum is a bit less because of magnetic diffusion into the ionosphere. The magnetic pressure has a steep rise towards the obstacle; it increases by a factor of 2 on a length scale 0.1 R m =340 km. The growth of the magnetic pressure is accompanied by a simultaneous drop in the plasma pressure. The maximum of the magnetic pressure is approximately equal to the solar wind dynamic pressure. The position of the magnetic field maximum in the simulations coincides with the total density pile-up boundary.
The subsolar magnetosheath profiles of the magnetic field and electron density shown in Fig. 2 are rather similar to those obtained from Phobos-2 measurements (see Fig. 1a ) and also from bi-ion fluid simulations by Sauer and Dubinin (2000) .
In the hybrid simulations, the proton temperature has large oscillations appearing just after the shock. However, the average value seems to be rather close to that obtained from the Rankine-Hugoniot equations.
In the ideal MHD simulations, the magnetic field has a very sharp decrease from the ICB towards the planet. The strong decrease in the magnetic pressure is compensated by a corresponding increase in the plasma pressure. This structure can be unstable with respect to an interchange instability, which leads to the penetration of magnetic tubes into the ionosphere. In the hybrid simulations, the magnetic field penetrates inside the ionosphere because of magnetic diffusion effects.
Figures 4 and 5 present the distributions of the magnetic field strength and proton density in the xy and xz planes which are obtained in the hybrid simulation. In the xy plane, the distributions of the magnetic field and plasma density are rather symmetrical, whereas in the xz plane one can see a strong asymmetry in the direction of the solar wind convection electric field, related to finite gyro-radius effects. Such asymmetries were also reproduced in other hybrid simulations (e.g. Shimazu, 2001; Kallio and Janhunen, 2002) .
The magnetosheath magnetic barrier is indicated in Fig. 4 by the red color in the dayside magnetosheath region. Its size along the y-direction is about 2 R M . This is similar to that obtained in the MHD simulation (see Fig. 6 ). A particular feature of the hybrid simulation is a penetration of the solar wind magnetic field into the ionosphere because of the magnetic diffusion effects.
The distribution of the solar wind protons shown in Fig. 5 is rather patchy. At the subsolar bow shock, the proton density is of the same order of magnitude as that in the MHD simulation. But in the middle part of the magnetosheath, the hybrid proton density is somewhat lower than that calculated in the MHD model. In the vicinity of the ICB, the proton density has a very sharp decrease similar to the MHD result. There is a distinct slightly expanding boundary where the proton density drops to zero. Figures 6, 7, 8 show the MHD model distributions of the magnetic field strength, proton density and plasma pressure in the magnetosheath in two planes, xy and xz, which are coplanar and perpendicular to the IMF, respectively. The undisturbed IMF lines are shown in the xy plane as straight lines along the y-direction. Contrary to the hybrid model, the distributions of the magnetic field and plasma parameters are symmetrical in both planes. The coordinates x, y are given in units of the planetary radius. In Fig. 6 one can see explicitly the enhanced magnetic field strength in the magnetic barrier (red layer) adjacent to the dayside magnetopause. In the magnetosheath, the behavior of the plasma pressure is opposite to that of the magnetic field strength. The proton density has a systematic decrease from the bow shock towards the obstacle.
Good agreement between the MHD and hybrid magnetic field profiles in the magnetosheath of Mars can be interpreted on the basis of the following physical reasons: in the ideal MHD model, the physical reason for the magnetic pile-up is a stretching of the magnetic field lines which are frozen-in to the magnetosheath plasma flow. In the hybrid model, the magnetic field is frozen-in only to electrons, but not to protons, but effectively, it behaves as if it were frozen-in to the whole plasma in most of the dayside magnetosheath. This means that the relative speed of the electrons and protons (electric current speed) is much smaller than the bulk speed of the protons. To check this condition we express the electron velocity using Eq. (19),
Eliminating the electron velocity from induction Eq. (21), we obtain
With dimensionless quantities normalized to the solar wind parameters and a length scale for the magnetic barrier m , Eq. (23) yields
where δ p is the inertial scale of the solar wind protons δ p =c M p / √ 4πn sw e. The second term can be neglected while the ratio of the heavy ion density to the total density is small. It becomes important only in the vicinity of the ICB. The third term in Eq. (24) has a small coefficient For the input solar wind parameters (11) we find M A =10, δ p =114 km. Taking the scale m ∼0.1 R M from the magnetosheath profiles presented in the figures, we estimate the coefficient ξ =0.034. Therefore, for most of the dayside magnetosheath, we can neglect the last term in the induction Eq. (24). This means that the magnetic field can be considered to be frozen-in to the plasma, as it is assumed in the ideal MHD. However, the last term becomes important in the vicinity of the ICB, where the magnetic field has a large gradient.
In the MHD simulation, the assumed ratio of specific heat (κ=5/3) is relevant to the solar wind protons and oxygen atomic ions. In the hybrid simulations, the protons and ions are treated kinetically, but electrons are considered to be a polytropic gas (p e ∼n κ e ) with the polytropic index κ=2 which is different from that used in the MHD calculations. However, this difference does not greatly affect the magnetosheath profiles, because the electron pressure is rather small compared to the proton pressure.
As distinguished from other MHD codes, the present MHD code based on the frozen-in coordinates does not have a numerical magnetic diffusion. Therefore, it describes an ideal MHD flow with frozen-in magnetic field lines. In this model, the magnetosheath plasma flow produces a stretching of the magnetic field lines, which results in the formation of the magnetic barrier in front of the ICB where the protons are stopped. In the ideal one-fluid MHD model, the interplanetary magnetic field is enhanced just before the proton stoppage boundary associated with the ICB, and the magnetic field lines cannot penetrate inside the cavity. In a twofluid MHD and also in hybrid models, the magnetic field lines and protons are decoupled and thus the interplanetary magnetic field lines are allowed to penetrate through the proton stoppage boundary. However, numerical diffusion effects usually lead to smoothing of the magnetic field boundaries. The present hybrid model has sufficient resolution to produce a rather distinct boundary of the proton cavity which coincides with the magnetic field maximum at the subsolar region. However, the magnetic field variation through the cavity boundary is rather smooth.
On magnetic field diffusion into the ionosphere
In this section we discuss physical reasons for the magnetic field diffusion into the ionosphere which is seen in the hybrid simulations.
The cold, heavy ions inside the ionosphere are assumed to obey the equations
The last term increasing towards the planet is that of the interaction with neutral gas, which is assumed to be at rest. 2.
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and rewrite Eq. (26) in a dimensionless form
where
Coefficients µ and η are inversely proportional to the neutral density N 0 , and thus they decrease very strongly towards the Martian surface. Figure 9 shows variations of coefficients µ and η along the x axis for the normalization parameters
These normalization parameters are of the order of the characteristic values of the magnetic and electric field as obtained in the hybrid simulation in the ionospheric region. One can see in Fig. 9 that coefficient µ is rather small until the altitude of 270 km. Neglecting the term proportional to the small coefficient µ, we obtain the linear algebraic equation for the ion velocity
Assuming the magnetic field along the y direction, we find the ion velocity components as linear functions of the electric field components,
Using Eq. (32) for the electric current of the ions j i =enV * ũ i , one can obtain Ohm's law for the ions with a tensor conductivity,
The nondiagonal components of the conductivity tensor become of the order of the diagonal ones at altitudes exceeding 225 km. Below, the conductivity tensor can be considered as a diagonal =σ I, where σ is a scalar conductivity,
At the subsolar region, considering the electric field to be along z, we have the equation
In the subsolar region, the length scale of the magnetic field variation along the x-direction is much smaller than the length scales along the y-and z-directions (see Fig. 4 ). Therefore, we assume the derivative along the x-axis to be much larger than those along the y-and z-directions. From Eq. (35) and the Maxwellian equations, we obtain the magnetic diffusion equation
where ν m is the magnetic diffusion coefficient, The time scale of the magnetic field diffusion is
where s is the subsolar altitude of the ICB. We introduce a dimensionless parameter ǫ that is a ratio of the diffusion time scale to the simulation time t * ∼2500 s,
Small values of this parameter mean that the simulation time exceeds the magnetic diffusion time, and thus the magnetic field can penetrate into the ionosphere until the Martian surface during the simulation run. Figure 9 shows the altitude dependence of the diffusion time parameter ǫ(x). This parameter becomes less than 1 at the altitude ≤285 km, where the magnetic field diffusion becomes important due to collisions with neutrals. Above this altitude, a magnetic diffusion might have only numerical reasons.
Conclusions
The solar wind interaction with Mars is considered on a basis of the ideal MHD and hybrid models. The magnetosheath profiles of the magnetic field and plasma parameters, calculated in both models, are compared. The stand-off distance of the bow shock in the hybrid model is larger than that in the MHD model. This can be explained by two reasons: the first one is the finite width of the shock front that is of the order of the Larmour radius. The second reason can be related to the additional penetration of the heavy ions dragged by the electric field from the ionosphere in the hybrid simulation. Acceleration of these ions leads to a decrease in the average speed of the protons and a corresponding increase in the magnetosheath thickness.
However, good agreement between the models is found for the magnetic field and plasma parameters just after the bow shock. This means that in spite of the oscillations, the hybrid model can reproduce a thermalization of plasma at the bow shock and satisfy the Rankine-Hugoniot conditions based on conservation of mass, momentum and energy.
A particular good agreement between the MHD and hybrid models is obtained for the subsolar magnetic field profiles between the bow shock and the ICB. This allows us to suggest that the physical mechanism of the magnetosheath magnetic barrier described by the ideal MHD model is also valid for relatively small bodies like Mars. In the ideal MHD model, the physical reason for the magnetosheath magnetic barrier is a stretching of the magnetic field lines which are frozen-in to the plasma in the magnetosheath flow. In the hybrid model, the magnetic field generally is frozen-in to the electrons, but not to the protons, but effectively, it behaves as if it were frozen-in to the whole plasma in the part of the dayside magnetosheath where the ionospheric ions are a minor component. This means that the relative speed of the electrons and protons (electric current speed) is much smaller than the bulk speed of the protons. This condition is not fulfilled in the vicinity of the ICB, where the electric current speed becomes comparable to the bulk velocity, and the magnetic field is frozen-in to the electrons only.
We have focused our analysis only on the magnetosheath region above the proton cavity, because the enhanced magnetic field inside the cavity cannot be described by the ideal MHD model. The induced magnetosphere is reproduced by the hybrid model, but the magnetic field distribution and the MPB structure are greatly smoothed by the numerical diffusion. Therefore, the hybrid model does not predict a sudden jump in the magnetic field strength at the MPB, as it is identified in the observations .
The physical reasons for the magnetic field penetration into the ionosphere are analyzed. The magnetic field diffusion due to collisions with the neutral particles is found to be essential at the altitude of 55 km below the ICB. For the conditions of the hybrid simulations, the magnetic field penetrates from ICB until the diffusion zone because the electron pressure itself is not sufficient to support the magnetic boundary.
